We conducted experiments to determine whether diesel ene exhaust affects reproductive endocrine function in growing rats. The rats were assigned to three groups: a group exosed to total diesel engine exhaust containing 5.63 mg/m3 particulate matter, 4.10 ppm nitrogen dioxide, and 8.10 ppm nitrogen oxide; a group exposed to filtered exha without particulate matuen and a group exposed to clean air. Dosing The inhalation of diesel engine exhaust has been reported to increase bone mass in the lumbar vertebrae due to a decrease in bone resorption in growing rats (7). The long-term inhalation of diesel exhaust disturbed the increase of bone mass, changed bone structure, and resulted in fragile bones ($). It is generally agreed that estrogen levels are associated with bone density in females (9,170), and adrenal androgen has also been recognized as a factor in accumulating and maintaining bone density (11) (12) (13) (14) (15) (16) (17) (18) The present study was undertaken to determine the effects of diesel exhaust on reproductive endocrine functions by measuring testosterone, estrogen, luteinizing hormone, and follicle-stimulating hormone in male rats exposed to diesel exhaust. Daily sperm production, hyaluronidase activities, and histological changes in the testis were examined as markers of reproductive toxicity. The effects of total exhaust versus control, filtered exhaust versus control, and total exhaust versus filtered exhaust were also compared in order to clarify the type of agent that affects reproductive endocrine fimctions.
, there have been few biological studies of endocrine disruption by diesel engine exhaust.
The inhalation of diesel engine exhaust has been reported to increase bone mass in the lumbar vertebrae due to a decrease in bone resorption in growing rats (7) . The long-term inhalation of diesel exhaust disturbed the increase of bone mass, changed bone structure, and resulted in fragile bones ($). It is generally agreed that estrogen levels are associated with bone density in females (9, 170) , and adrenal androgen has also been recognized as a factor in accumulating and maintaining bone density (11) (12) (13) (14) (15) (16) (17) (18) . Recently, clinical findings (19, 20) and experimental investigations using estrogen receptor knockout (ERKO) mice (21) have indicated that estrogen plays crucial roles in both sexes.
ERKO males and females are infertile and show lower bone density by 20-25% than wild-type mice (21) . These findings strongly suggest that inhalation of diesel exhaust might affect bone metabolism through changes of reproductive endocrine functions.
The present study was undertaken to determine the effects of diesel exhaust on reproductive endocrine functions by measuring testosterone, estrogen, luteinizing hormone, and follicle-stimulating hormone in male rats exposed to diesel exhaust. Daily sperm production, hyaluronidase activities, and histological changes in the testis were examined as markers of reproductive toxicity. The effects of total exhaust versus control, filtered exhaust versus control, and total exhaust versus filtered exhaust were also compared in order to clarify the type of agent that affects reproductive endocrine fimctions.
Materials and Methods
Animals. Rats used in the experiment were derived from 24 pregnant female Fischer rats (F344/DuCrj) purchased from Charles River Japan (Kanagawa, Japan). On arrival, they were maintained in a clean room until 3 days before the expected delivery. The clean room was maintained at 24 ± 2°C and 55 ± 5% humidity.
On the 19th day of pregnancy, the female rats, six rats for each group, were divided into three groups and placed in separate inhalation chambers. The purpose of transfer from the clean room to the inhalation chamber on the 19th day of pregnancy before their delivery was to assimilate the mother rats to the new environment and avoid the possibility of cannibalism.
Litter sizes ranged from 9 to 11 pups. The number of animals and the sex ratio of litters in the total group, filtered group, and control group were 76 (male:female = 36:40), 76 (36:40) , and 74 (35:39), respectively. The young rats were weaned at 21 days of age. At the same time, the young rats were divided into groups of males and females; male rats were randomly assigned to groups of six housed in a single cage.
The treatment and care of the rats was under an approved protocol of the Animal Care and Use Committee of the Tokyo Metropolitan Research Laboratory of Public Health in a facility approved by the Japan Association for Accreditation of Laboratory Animal Care.
Experimental design. Animals were assigned to three groups: Group 1 was exposed to total diesel engine exhaust (total exhaust); Group 2 was exposed to filtered exhaust without partides (filtered exhaust); and Group 3 was exposed to dean air (control). Each group of animals was maintained in an inhalation chamber (1.6 m3) at Serum hormonal assay. Serum testosterone and estradiol levels were determined using Enzyme Immunoassay Kits (Cayman Chemical, Ann Arbor, MI). Serum levels of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) were determined using a rat LH enzyme immunoassay system and a rat FSH enzyme immunoassay system (Amersham, Buckinghamshire, England), respectively.
Daily sperm production. Daily sperm production in the right testis was determined by counting homogenization-resistant spermatids, using the techniques of Sharpe et al. (22, 23) . Briefly, each right testis was fixed in 10% neutral formalin until it was analyzed for daily sperm production. The testis was weighed again. Two 50-mg portions of testicular tissue were cut, weighed, and homogenized separately in 5ml of 0.15 M NaCI, 0.05% Triton X-100, using a homogenizer. Homogenization-resistant step 18 and 19 spermatids were counted separately using a hemocytometer in three aliquots of each of the two homogenates per sample, and the mean of the six measurements was calculated. This value was corrected for sample weight and overall testis weight, and transformed to the daily sperm production by dividing by the appropriate time divisor, according to Leblond and Clermont (24) .
Hyaluronidase assay. For enzyme assays, "nonanchored" fractions containing nonmembrane-band hyaluronidase and "anchored" fractions containing hyaluronidase, which is present on the plasma membrane of sperm and enables sperm to penetrate the cumulus barrier, were extracted from each left testis according to the method of Lin et al. (25) . The protein contents in the nonanchored and anchored fractions were quantified according to the method of Lowry et al. (26) , and the fractions were adjusted to adequate concentrations for the enzyme assay with 0.1 M phosphate buffer, pH 7.0, containing 0.15 M NaCl.
Hyaluronidase activity was measured by quantification of increasing N-acetylglucosamine residue at the reducing end of hyaluronic acid, which was liberated by the enzyme. Substrate solution was 1% hyaluronic acid solution. Standard solution was 0.24 pmol/ml N-acetylglucosamine solution. Sample solution or phosphate buffer (100 pl) was placed into the tube, which was in ice, and 200 pl of substrate solution or standard solution was added. After mixing thoroughly, the reaction mixture was incubated at 37°C for 10 min. The tubes were then placed in a boiling water bath for 5 min and cooled in ice. After adding 100 pl 5% K2B407 7H20, the tubes were boiled for 7 min and cooled. All reported values were expressed as means ± standard deviations (SD). One-way analysis of variance (ANOVA) followed by Scheffe's test was used among three groups. The statistical significance comparing testis weight, epididymis weight, relative weight, the levels of serum hormones, sperm production, hyaluronidase activity, and the number of spermatocytes between any two groups was 
Results
Serum levels of reproductive hormones. Serum levels of testosterone and estradiol were significantly higher in animals exposed to total diesel exhaust and filtered exhaust (p < 0.05) than in controls (Table 1) . FSH was significantly decreased in the two groups exposed to diesel exhaust as compared to the control group (p < 0.05). LH was significantly decreased in the total exhaust exposed-group as compared to the control group (p < 0.05). Serum levels of LH were also significantly different between the two groups exposed to diesel exhaust (p < 0.05) ( Table 1) .
Body weights, organ weights, and sperm parameters. The parameters of body weight, right-testis weight, epididymis weight, and relative weight did not show any significant difference among the groups (Table 2) .
By external appearance, the testes from the control and exhaust-exposed animals were indistinguishable. Male reproductive organs, including accessory sex organs, developed fully, and no structural malformations were detected in exposed animals.
Sperm production was significantly decreased in both groups exposed to diesel exhaust (p < 0.01 and p < 0.05 for total and filtered exhaust, respectively) as compared to rats exposed to clean air (Figure 1) .
The specific activity of a testicular enzyme associated with postmeiotic spermatogenic cells, anchored hyaluronidase, was lower in the diesel exhaust-exposed rats than in the controls (p < 0.05) (Figure 2 (Figure 3 ).
Immunohistochemical examination showed an increased number of seminiferous tubules in stage II with decreased numbers of PCNA-positive cells (Figure 4) .
Sperm morphological examinations revealed that the numbers of round spermatids in stages II-III, V, and VII were significantly decreased in the diesel exhaustexposed rats as compared to controls ( Figure 5 ). The numbers of spermatogonia and pachytene spermatocytes in stages II-III were also significantly decreased in the diesel exhaust-exposed rats as compared to controls. The numbers of pachytene spermatocytes in stage VII were significantly decreased in the diesel exhaust-exposed rats as compared to the controls (p < 0.05 and p < 0.01 for total and filtered exhaust, respectively).
In stage XII, the number of spermatogonia of both exhaust-exposed groups was decreased (p < 0.05; Figure 5 ). The numbers of zygotene and pachytene spermatocytes in the filtered diesel exhaust-exposed group were decreased as compared to the control group (p < 0.01 and p < 0.05 for zygotene and pachytene spermatocytes, respectively). The number of zygotene and pachytene spermatocytes in the filtered diesel exhaust-exposed group was also significantly lower than in the total exhaust exposed-group (p < 0.01).
Quantitative evaluation of the populations of Sertoli cells in each stage showed no differences among three groups.
Discussion
This study dearly demonstrated that inhalation of diesel engine exhaust increased serum testosterone and estradiol and reduced serum FSH in growing rats. Spermatogenesis in the testis was defective in both exhaust-exposed groups, although testis weight and the ratio of testis weight to body weight did not differ among the three groups.
Because elimination of the particulate matter by filtration did not seriously influence the results, it appears that the gaseous phase of the exhaust contains agents that are responsible for disruption of reproductive endocrine function. The gaseous phase of diesel engine exhaust includes several agents that may affect endocrine functions. One is nitrogen oxide (28, 29 Figure 2 . Hyaluronidase activity of anchored and nonanchored fraction (means ± standard deviations) in testes of rats exposed to total diesel exhaust or filtered exhaust or in control animals. ECU, enzyme unit. *p < 0.05 as compared to controls.
oxide is not only inhaled, but is also synthesized endogenously via a biochemical reaction-dependent process, especially in the sites of inflammation caused by nitrogen dioxide (30) (31) (32) (33) (34) (35) . Nitrogen oxide is known to be involved in the regulation of endocrine processes such as hypothalamic-pituitary-adrenal and -gonadal axis functions (36) (37) (38) (39) (40) (41) (42) . Sperm production and hyaluronidase activity, one of the biochemical markers for testicular toxicity (43) (44) (45) , were reduced in the diesel exhaust-exposed rats. Serum FSH levels were reduced as well. These elements indicate that testicular function was suppressed by the inhalation of diesel exhaust. However, the inhalation did not cause testicular weight loss. Therefore, increased serum levels of testosterone and estrogen were not derived from reproductive organs stimulated by gonadotropin-releasing hormone in the anterior pituitary, but instead seemed to be induced by increased secretion from the adrenal cortex. Although serum levels of adrenal androgen were not measured directly, there is some evidence that indicates elevated adrenal androgen secretion. The average weight of the adrenal gland in the exhaused-exposed groups was larger than that in the control group in males and females after a 3-month exposure from birth (46) . Urinary excretion of 17-ketosteroids, which are among the metabolites of androgens from the adrenal cortex and sexual glands (47, 48) , was markedly elevated in female rats exposed to diesel exhaust (46 Volume 107, Number 7, July 1999 * Environmental Health Perspectives androgens are converted to testosterone and estrogen by aromatization (50, 51) . The increased serum levels of testosterone observed in both diesel-exposed groups did not seem to contribute to the growth of the testis. Rather, increased serum levels of testosterone may depress gonadotropic hormones, LH and FSH, that are needed for maintaining normal testicular function (52) (53) (54) .
It is reasonable to assume that the increased secretion of testosterone and estrogen from the adrenal cortex stimulated directly or indirectly by diesel exhaust caused a negative feedback effect on gonadotropin-releasing hormone in the pituitary gland and depressed spermatogenesis in the testis shortly after sexual maturity.
This study provides evidence that inhaling diesel engine exhaust causes changes in the levels of reproductive hormones and leads to reduction of spermatogenesis in growing rats. This does not necessarily indicate that the altered levels of reproductive hormones detected in these experiments continue in the same way during a long-term exposure (9 Spermatogonia Zygotene Pachytene spermatocyte spermatocyte Figure 5 . Numbers of spermatogenic cells per Sertoli cell in seminiferous tubules (means ± standard deviations) of rats exposed to total diesel exhaust or filtered exhaust or in control animals.
p < 0.05, **p < 0.01, and tp < 0.001 as compared to controls. "p < 0.01 as compared to the total exhaust-exposed group.
reproductive function might be impaired by disruption of the development of sex organs because the male reproductive system may be particularly susceptible to toxic insult during the gestation period, as has been observed in the case of dioxin exposure (55) (56) (57) (58) .
Further studies are necessary to clarify the mechanisms of action of various chemical components in diesel exhaust. The diesel exhaust particulate and gaseous phase concentrations used in this report were 60-100 times higher than those found in the average urban area. Experiments with lower dose exposure will also be necessary to provide reasonable estimates of the human risks of exposure to diesel exhaust.
